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Abstract
In the present study, the calculations of the shell model based on large-scale unrestricted fp-model space have been
conducted to study the low-lying energy levels and Gamow-Teller B(GT) transition strengths for the transitions
(42Ca→42Sc, 42Sc→42Ti, 45Sc→45Ca, 45Ti→45Sc,45V→45Ti) lying in the fp-shell region. The calculations of the yrast levels
and Gamow-Teller B(GT) transition strengths were compared with the related measured data. The low-lying energy
levels were reasonably reproduced for the studied nuclei. The spin and parity of the unconﬁrmed energy levels for some
studied nuclei have been conﬁrmed. The calculated B(GT) transition strengths of Gamow-Teller (GT) for the selected
isotopes lie in the fp-shell region agree very well with the measured data extracted from (3He, t), (3He, t)*, (t,3He), (t,
3
Heþg), and (p, n) reactions.
Keywords: Electroweak interactions, Gamow-Teller strengths, Nuclear structure, Shell model

1. Introduction

W

eak-interaction processes in fp-shell nuclei
play important roles in the core-collapse
stage of type II supernovae or the rp-process on the
surface of an accreting white dwarf or neutron stars
studies of electron capture and b-decay. Since the st
operator that causes the GT transitions is simple, the
GT response strongly reﬂects the different structures of each nucleus and thus is largely different,
but our knowledge of the GT transitions is very
poor; therefore, there is a growing interest in
determining absolute values and the distribution of
GT transition intensities in stable and unstable pfshell nuclei [1]. The response of the spin and isospin
in nuclei was studied using charge-exchange processes. The change of the proton (neutron) into a
proton (neutron) (isospin change DT ¼ 1), including
or excluding spin transfer (DS ¼ 0 or DS ¼ 1) in
particular, the GT transitions (DS ¼ 1, DT ¼ 1, and

angular momentum transfer DL ¼ 0) have been
extensively researched. The st± operator mediates
these transitions, which connect the identical states
between ﬁnal and initial transitions as b±decays.
Understanding the late stages of star development
depends on weak interaction rates [through b-decay
and the capture of electron (EC)] [2e8]. J.U. Nabi
et al. [9] used the deformed model of pn-QRPA to
calculate the allowed transitions from charge exchange for nuclei with odd-A lying in the region of
the fp-shell. Previous calculations (including QRPA
and shell models) and observed reactions extracted
from charge-exchange ﬁndings were compared with
the estimated GT strength distributions. Y. Fujita
et al. [10] studied the GT excitations for the nuclei
with a mass number (A ¼ 42, 46, 50, and 54) in the
fp-shell region extracted from (3He, t) reactions. In
the transition 42Ca /42Sc reaction, the bulk of the
strength of GT is distributed at the excited state with
the lowest energy found at 0.6 MeV, calming that
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there exists low-energy GT phonon excitation.
High-energy phonon excitations in the 6e11 MeV
range occur as A grows. The high-energy GT
phonon excitation predominantly carries the GT
strength in the 54Fe/54Co reaction. R. G. T. Zegers
[11] studied the GT strength distribution of 58Co via
the 58Ni (t,3He) reaction. The experimental data are
compared to previous data extracted from the experiments of 58Ni(d,2He) and 58Ni(n,p) and computations of the shell model based on large-scale by
employing the GXPF1 and KB3G interactions. The
capture of electrons during the early stages of the
supernova is a common occurrence; therefore, the
distinctness between the observed data and theoretical models was investigated. Yoshida et al. [12]
conducted large-scale shell-model calculations to
investigate the b-decay properties of neutron-rich
nuclei in 13  Z  18 and 22  N  34 by considering the ﬁrst forbidden transitions. They employed
full sd þ pf þ sdg valence shells, and the comparison
of their results shows that the B(GT) of eveneeven
nuclei is considerably large than neighbouring
odd-A and oddeodd nuclei. S. M. Obaid and H. M.
Tawfeek [13,14] studied the nuclear B(GT) of the GT
transition for some sd and fp-shell nuclei. The interactions USDA and USDB have been utilized with
the model space sd, and the FPD6, GXFP1A, and
KB3G interactions were used in the model space fp.
Their conducted study yields result that agree
reasonably compared to the observed data. The
transitions of the strengths GT for the transitions
47
Ti/47V, 50Cr/50Mn, 48Ti/48V, and 46Ti/46V
were investigated by F. A. Majeed and S. M. Obaid
[15] utilize the shell model for the nuclei lies in the
model space fp by using FPD6, GXFP1A, and KB3G
interactions to predict the GT distribution for the
selected nuclei, and their predicted results were
contrasted with the observed data. They concluded
that the observed GT distributions and their related
summed B(GT) strength transitions agree reasonably well with the theoretical computations.
The present study aimed to investigate the nuclear
structure of some selected isotopes in the fp-shell
region by performing shell-model calculations using
the NuShellX@MSU code [16] to calculate the excitation energy levels and B(GT) strengths. Theoretical investigation using the shell model by utilizing
the full fp-model space will be carried out using the
interactions FPD6 [17], KB3G [18], and GXFP1A [19]
interactions. The predicted values for energy levels
and Gamow-Teller strengths B(GT) will be analyzed
and compared with the observed data, and then the
conclusion of this study will be drawn.
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2. Theoretical considerations
The Gamow-Teller operators have pO ¼ þ1, and
the initial and ﬁnal nuclear states should therefore
be pipf ¼ þ1 for non-zero parity-transforming elements. The matrix of the elements follows the triangle D(Jf, ji, DJ ¼ 1). The isospin triangle state D(Tf,
Ti, DT ¼ 1) is observed until the Gamow-Teller elements are retained. The second quantized form is
of (GT) is then written as [20],
X
OðGT Þ ¼
〈ajst jb〉 aþ
ð1Þ
a;p ab;n ;
ab

where ab;n annihilate neutron in b state and aþ
a;p
creates the proton in a state. Thus, the form
included.
J-coupling is written as [20],
h
il
akb ;n
aþ
X
 
ka ;p 5~
〈ka ; pst kb ; n〉 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ;
OðGT Þ ¼
ð2l þ 1Þ
ab

ð2Þ

where the operator of GT is considered as l ¼ 1
taken. The reduced probability between the initial i
and ﬁnal f states is given by [20],
OðGT_Þ ¼

X




〈ka ;pst_kb ;n 〉OBTD ka ;kb ; f ;i ;

ð3Þ

ab

where

il 
h þ

i〉
〈f
a
5~
a
kb ;n


ka ;p
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
OBTD ka ; ka ; f ; i ¼
:
ð2l þ 1Þ

ð4Þ

The equations for analogous of GTþ are
OðGTþ Þ ¼

X

〈ajstþ jb〉 aþ
a;n ab;p ;

ð5Þ

ab

where ab;p annihilate proton in b state and aþ
a;n
creates the neutron in a state. Thus, the form
included.
J-coupling is written as [20],
h
il
akb ;p
aþ
X


ka ;n 5~
OðGTþ Þ ¼
〈ka ; nstþ kb ; p 〉 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ;
ð6Þ
ð2l þ 1Þ
ab
and the reduced transition probability is
X




OðGTþ Þ¼
〈ka ; pstþ ka ;n〉 OBTD ka ;ka ; f ;i ;
ab

ð7Þ
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where
il 
h þ

i〉
〈f
a
5~
a
k
;p


ka ;n
b
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
OBTD ka ; ka ; f ; i ¼
:
ð2l þ 1Þ

ð8Þ

The reduced elements of the single-particlematrix can be written as [20].
 


s jjkb 〉 ;
〈ka ; pst kb ; n〉 ¼ 〈ka ; nstþ kb ; p〉 ¼ 2〈ka jj!
ð9Þ
where the elements of the matrix of !
s are given by
〈ka jj!
s jjkb 〉
[a þja þ3=2

¼ ð1Þ

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð2Ja þ 1Þð2Jb þ 1Þ

〈sjj!
s jjs 〉d[a ;[b dna ;nb





1=2 1=2 1
jb

ja

[a
ð10Þ

with  
pﬃﬃﬃﬃﬃﬃﬃﬃ
< s!
s s > ¼ 3=2.

3. Results and discussion
This section contains the predicted values of the
energy levels, and the strengths of B(GT) with their
cumulative B(GT) values will be discussed and
compared with the observed data. All the calculations are conducted using the code NushellX@MSU
[16], and the B(GT) values from the theory were
scaled by a factor of (0.74)2.
3.1. Energy levels
3.1.1. 42Ca, 42Sc, and 42Ti isotopes
The energy levels for the nuclei 42Ca, 42Sc, and
42
Ti lie in the fp-shell region have been studied by
considering the core at 40Ca by employing three
effective interactions, GXFP1A, KB3G, and FPD6,
which are designed for the fp-shell region. The nucleus 42Ca has two valence neutrons, 42Sc has a onevalence proton, one valence neutron, and 42Ti has
two valence protons outside the core 40Ca. Fig. 1
displays the shell model calculations for 42Ca, 42Sc,
and 42Ti isotopes. All the three effective interactions
precisely predict the ground state of these nuclei
except for the isotope 42Sc was predicted wrong as
7þ by GXFP1A. The ﬁrst 2þ for the isotope 42Ca is
found experimentally at 1.525 MeV [21], and the
shell model predicts the values 1.438 MeV,
1.370 MeV, and 1.781 MeV by GXFP1A, KB3G, and
FPD6, respectively. The ﬁrst 4þ is found experimentally at 2.752 MeV [21], and FPD6, GXFP1A, and
KB3G predict the values 2.709 MeV, 2.270 MeV, and
2.365 MeV, respectively.

There are two unconﬁrmed experimental data
for assigned spin and parity at 3þ and 5þ with
4.505 MeV and 5.775 MeV values. These states are
conﬁrmed by GXFP1A with 5.519 MeV and
5.971 MeV, respectively, while KB3G predicts
4.909 MeV and 5.087 MeV, respectively. The FPD6
predicts the values at 5.147 MeV and 5.526 MeV,
respectively.
The 1þ state for 42Ca is found experimentally at
4.232 MeV, and GXFP1A, KB3G, and FPD6 predict
9.165 MeV, 9.068 MeV, 9.639 MeV, respectively,
which are very far from the measured value. The
FPD6, GXFP1A, and KB3G could not predict the
right order of the yrast energy levels for the 42Sc
isotope, and the ﬁrst 1þ is found experimentally at
0.616 MeV [21], and FPD6, KB3G, and GXFP1A
predict the values 0.819 MeV, 0.342 MeV, and
0.306 MeV, respectively. In general, theoretical results of GXFP1A, KB3G, and FPD6 interactions are
lower than measured values. The 2þ state is found
experimentally at 1.554 MeV [21] for 42Ti isotope, the
and GXFP1A, KB3G, and FPD6 predict the values
1.436 MeV, 1.386 MeV, and 1.746 MeV, respectively.
The 4þ state is found experimentally at 2.677 MeV
[21] for the 42Ti isotope, and the interactions
GXFP1A, KB3G, and FPD6 predict the values at
2.269 MeV, 2.384 MeV, and 2.781 MeV, respectively.
Theoretical calculations predict odd states 3þ, 5þ,
and 1þ, not found in the measured data.
3.1.1. 45Ca, 45Sc, 45Ti, and 45V isotopes
Fig. 2 compares the predicted negative states and
their corresponding measured data for the 45Ca,
45
Sc, 45Ti, and 45V isotopes. The closed core is taken
at 40Ca by utilizing three interactions, namely
GXFP1A, KB3G, and FPD6, designed for the fp-shell
region. The nucleus 45Ca has ﬁve valence neutrons,
45
Sc has a one-valence proton, four valence neutrons and 45Ti have two valence protons and neutrons, consecutively, outside the core 40Ca. The
ground state is 7/2
1 for these isotopes are precisely
predicted by all the three effective interactions for
all isotopes except the case of the isotopes 45Ti and
45
V were predicted wrong as 3/2 by FPD6 interac45
tion. The ﬁrst 5/2
Ca is found
1 for the isotope
experimentally at 0.174 MeV [21], and the shell
model predicts the values 0.363 MeV, 0.195 MeV,
and 0.446 MeV by KB3G and FPD6, respectively.
The ﬁrst 3/2
1 is found measurably at 1.435 MeV [21],
and GXFP1A, KB3G, and FPD6 predict 1.118 MeV,
1.110 MeV, and 1.522 MeV, respectively. There are
two unconﬁrmed experimental levels for 45Ca
assigned on 11/2
and 15/2
with values of
1
1
1.554 MeV and 2.878 MeV. These states have been
conﬁrmed by GXFP1A at 1.393 MeV and 2.578 MeV,
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Fig. 1. Displays a comparison of predicted yrast levels for
observed data.

42

Ca,

42

Sc, and

respectively, while KB3G predicts the values of
1.371 MeV and 2.600 MeV, respectively FPD6 predicts the values at 1.661 MeV and 2.973 MeV. The
ﬁrst 3/2
for 45Sc is found experimentally at
1

42

525

Ti isotopes using FPD6, GXFP1A, and KB3G and interactions with the

0.337 MeV [21] and the GXFP1A, KB3G and FPD6
interactions predict the values 1.033 MeV,
0.777 MeV and 0.666 MeV, respectively. The ﬁrst 5/2

1 is found experimentally at 0.720 MeV [21], and the

Fig. 2. Displays a comparison of predicted yrast levels for 45Ca, 45Sc, 45Ti, and 45V isotopes using FPD6, GXFP1A, and KB3G and interactions with
the observed data.
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interactions GXFP1A, KB3G, and FPD6 predict the
values as 1.664 MeV, 1.533 MeV, and 1.575 MeV,
respectively. The three interactions did not predict
the right order of the yrast levels for the 45Sc isotope.
There is one unconﬁrmed level in the measured
data that has assigned spin and parity 1/2
1 with a
value of 2.779 MeV and the FPD6, GXFP1A, and
KB3G and interactions estimate the values
1.381 MeV, 1.210 MeV, and 1.227 MeV with a difference of an order of magnitude~0.1 MeV. Experimentally the ﬁrst excited level for 45Ti is 3/2
is observed at 0.037 MeV [21], while the interactions FPD6, KB3G, and GXFP1A estimate the
values 0.351 MeV, 0.229 MeV, and 0.000 MeV,
respectively. The only unconﬁrmed level measured
for the ground state band is 1/2
1 with the value of
1.799 MeV, and GXFP1A, KB3G, and FPD6 predict
the values of 2.508 MeV, 2.730 MeV, and 3.284 MeV,
respectively. The only conﬁrmed level is the ground
state for the isotope 45V. The rest levels in the
ground states are unconﬁrmed experimentally; our
theoretical results with the three interactions
conﬁrm most of these levels using GXFP1A, KB3G,
and FPD6 interactions, as shown in Fig. 2.

The shell model predictions of the strengths of
B(GT) have been damped by (0.74)2 factor to suit the
observed data, following a good deal of prior
research conducted by various authors. Fig. 4 displays the cumulative values of B(GT) versus the
excitation energy of 42Sc. Theoretical summed value
of B(GT) with three interactions is lower than
observed data for the excitation energy range,
approximately from 3 MeV to 9.5 MeV; this is due to
the contribution coming from the ﬁrst dominated
high value of B(GT) located at 0.612 MeV with B(GT)
value 2.173 [12]. Theoretical summed B(GT) overshoots the observed data in the excitation range of
approximately 9.5 MeVe14.5 MeV due to the peaks
in theory distributed from ~8.7 MeV to ~9.8 MeV.

3.2.1. 42Ca/42Sc
The calculated B(GT) values by shell model utilizing the full model space fp and the observed data
for the transition 42Ca/42Sc are depicted in Fig. 3.
The B(GT) values are predicted from the lowest
level of 42Sc (0þ) to 42Ca (1þ) levels using the FPD6,
KB3G, and GXFP1A interactions. The observed
charge-exchange reaction via 42Ca(3He,t)42Sc [22].

3.2.2. 42Ti/ 42Sc
Fig. 5 depicts the predicted strengths for the GT
for 42Ti (0þ) transition from the lowest state to the
excited states (1þ) in 42Sc. The observed data are
taken from the reactions in 42Sc, available from
42
Ti(bþ) measured [22], and the predicted values
using the interactions FPD6, GXFP1A, and KB3G.
They are only two measured values one very weak
located at excitation energy Ex(42Sc) ¼ 0.611 MeV,
and the second dominated strong peak located at
excitation energy Ex(42Sc) ¼ 1.888 MeV with
observed B(GT) values at 0.059 and 2.313, respectively. The FPD6, GXFP1A, and KB3G predicted the
strongest peak at 0.0 MeV with B(GT) values 2.648,
2.343, and 2.509, consecutively. The dominant
observed peaks were found in the transition 42Ti
(0þ) /42Sc(1þ) in the 42Ti(3He, t) reaction, which
does not agree with the theoretically predicted
value that is calculated from the transition

Fig. 3. Displays theoretical B(GT) values compared to the measured data
[22] for 42Ca /42Sc.

Fig. 4. Displays the
/42Sc.

3.2. The B(GT) results

P

BðGTÞ compared to the observed data for

42

Ca
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Fig. 5. Displays theoretical B(GT) values compared to the measured data
[23] for 42Ti/42Sc.
42

þ

42

þ

Ti(0 )/ Sc(1 ) for the interactions FPD6,
GXFP1A, and KB3G, while the predicted B(GT)
distribution values from the rest of the transitions
are weak. The employed interactions correctly predicted the spin and parity for the ground state of
both 42Ti and 42Sc. Fig. 6 compares the summed
B(GT) values predicted by GXFP1A, KB3G, and
FPD6 and the observed data. Since we have just two
measured values, this comparison is unreliable;
once we have more measured data in the future, we
can compare them with our results.
3.2.3. 45Sc/ 45Ca
Fig. 7 depicts the strengths of B(GT) for 45Sc 7/2
lowest state to the excited states in 45Ca with Jp ¼ (5/

Fig. 6. Displays the
/42Sc.

P

BðGTÞ compared to the observed data for

42

Ti
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Fig. 7. Displays theoretical B(GT) values compared to the measured data
[24,25] for 45Sc/45Ca.

2, 7/2, 9/2 ). The observed data are available
from the reactions 45Sc(p,n)45Ca [24] and
45
Sc(t,3Heþg) [25]. The predicted shell model in full
f p model space has been performed using FPD6,
GXFP1A, and KB3G. The measured data are from
45
Sc(p,n)45Ca [23] and the B(GT) values are weak,
and the peak is located at excitation energy
Ex(45Ca) ¼ 7.123 MeV with a value of 0.183 MeV. The
interactions FPD6, GXFP1A, and KB3G predicted
the strongest peak at Ex(45Ca) ¼ 5.278 MeV,
6.098 MeV, and 6.005 MeV with estimated B(GT) at
0.370, 0.307, and 0.509, consecutively. The parity and
spin of the ground state level for both 45Sc and 45Ca
were predicted correctly by all the three interactions. The B(GT) values calculations by
GXFP1A and KB3G interactions are very small at

Fig. 8. Displays the
45
Sc/45Ca.

P

BðGTÞ compared to the observed data for
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zero in the excitation energy range Ex
(45Ca) ¼ 0~3 MeV. Fig. 8 depicts the comparison of
the summed B(GT) predicted by FPD6, GXFP1A,
and KB3G along with the related observed data; we
can see that there is a big discrepancy between
theory and observed data for all three effective interactions in the excitation energy range Ex(45Ca)
z0 / 5 MeV and this is due to the fact the prediction of the B(GT) values is zero or very small as
explained before.
3.2.4. 45Ti/ 45Sc
Fig. 9 illustrates the predicted B(GT) for 45Ti (7/2)
starting from the lowest state to the excited states Jp
¼ (5/2, 7/2, 9/2) in 45Sc. The observed data for
45
Ti is found from the reaction 45Ti(3He, t)45Sc [26].
The predicted B(GT) values from the shell-model by
employing FPD6, KB3G, and GXFP1A shows that
there are only four observed values with dominant
peak located at Ex(45Sc) ¼ 0.02 MeV with predicted
B(GT) at 0.0973 and the rest three peaks located at
Ex(45Sc) ¼ 0.74 MeV, Ex(45Sc) ¼ 1.4 MeV, and
Ex(45Sc) ¼ 1.64 MeV with predicted B(GT) at 0.01,
0.002, and 0.005, consecutively. The FPD6, KB3G,
and GXFP1A predicted the strongest peak at
Ex(45Ca) ¼ 0.0 MeV with B(GT) values 0.131, 0.104,
and 0.089, respectively. The other predicted values
are almost the same value by the three interactions,
which agree with the experiment's last two values of
B(GT). The spin and parity of the ground state for
both 45Ti and 45Sc were predicted correctly by all the
three interactions except for 45Sc, and the FPD6
interaction predicted wrong the ground state. Fig. 10
shows the summed B(GT) compared to the predicted shell model values using the employed

Fig. 9. Displays theoretical B(GT) values compared to the measured data
[26] for 45Ti/45Sc.

Fig. 10. Displays the
45
Ti/45Sc.

P

BðGTÞ compared to the observed data for

interactions with the observed values. The best
agreement with observed data is the calculation
from the FPD6 interaction. The present calculations
agree with the results obtained by Kumar et al. [27].
3.2.5. 45V/ 45Ti
The predicted B(GT) strengths for 45V/45Ti
transition. There is no measured data available for
this transition, and we have presented just theoretical calculations using the three interactions, FPD6,
GXFP1A, and KB3G, as shown in Fig. 11. As we can
see from theoretical results, three dominant peaks
are predicted by the three effective interactions.
Fig. 12 displays the summed B(GT), where all the
interactions have the same behaviour of

Fig. 11. Displays theoretically predicted B(GT) values compared to the
measured data [27] for 45V/45Ti.
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Fig. 12. Displays the
45
V/45Ti.

P

BðGTÞ compared to the observed data for

calculations. These theoretical results might be
compared once available data for this transition.

4. Conclusion
The study detailed a theoretical investigation of
the nuclear structure for some selected isotopes in
the fp-shell region. The shell model framework has
been employed to study the ground state energy
levels and the strength of B(GT). The ground state
spin and parity for all the studied isotopes in the fpshell region were precisely predicted by utilizing the
shell model computations with FPD6, GXFP1A, and
KB3G residual interactions for fp-shell, except for
45
Ti and 45V isotopes where the ground state is 7/2
and FPD6 predict wrong the ground state as 3/2.
The calculation of B(GT) strengths for the studied
transitions for the isotopes lie in the fp-shell region
using FPD6, GXFP1A, and KB3G shows a fair match
with the available observed data. The present study
added extra information for researchers interested
in the fp-shell region. A fair qualitative compromise
was reached for individual transitions of B(GT).
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